A b s t r a c t The colour of honey is one of the most important quality criteria for consumers. The colour depends mainly on the content of plant pigments but the honey consistency, shape, and size of the crystals may also influence the honey colour parameters. It is related to the crystallisation and decrystallisation processes of honey during storage. In the present study, directions of colour changes of honey during storage were evaluated using a tristimulus colorimeter and the CIE 1976 L*a*b* and CIE L*C*h o systems. The effect of time (3 and 9 months) and storage conditions (cold storage, room temperature storage with access to light, and room temperature storage without access to light) on the colour of nectar honeys was investigated. The results obtained showed that both the type of honey and the storage conditions influenced the honey colour parameters. Significant differences in direction and intensity of the colour changes of honey during storage were observed. These differences make it difficult to indicate which storage conditions are optimal to preserve the colour of the honey. It was found that acacia and heather honeys were the most susceptible to colour changes during long-term storage in all of the study's applied conditions, whereas rape and buckwheat honeys were the most stable in colour parameters.
INTRODUCTION
Honeys are seasonal products of different botanical and geographical origin. Due to seasonal and environmental factors, they contain different contents of carbohydrates, volatile compounds, vitamins, minerals, phytochemicals, and others. Their physical properties such as pH, acidity, viscosity, electrical conductivity, and colour are also dependent on the type of honey. Moreover, processing (e.g. filtration and heating) and storage have an effect on honey composition and properties (White, 1976; 1978; Wang et al., 2004; Turkmen et al., 2006) . The aroma, flavour, and colour of honey are important quality criteria of this product. These three factors may serve as indicators of the plant source. Colour of honey may range from very pale yellow, amber, dark reddish amber to nearly black (Negueruela and Perez-Arquillue, 2000; Terrab et al., 2004; Bertoncelj et al., 2007) . This is the result of a type of floral nectar and it is mainly related to the presence of carotenoids, chlorophylls, plant phenolic compounds, and Maillard reaction products (White, 1978; Belitz et al., 2004) . Terrab et al. (2004) showed that pollen grains present in honey also have an effect on the colour. Moreover, Balbarrey et al. (2012) reported that a dark colour of honey is closely related to the mineral content. Although colour parameters, i.e. lightness, hue, and chroma, are not included in the honey quality control system, many producers, distributors, and consumers may be interested in honey colour and the colour changes that may take place while the honey is stored. Honeydew honeys and dark nectar honeys (dark multifloral, buckwheat, heather) were reported to have higher antibacterial activity towards Staphylococcus aureus and Escherichia coli than light nectar honeys (acacia, linden and rape) (Piotraszewska-Pająk et al., 2005) . It was also established, that long-term storage of honeys at room temperature in the dark resulted in Bacillus subtilis resistance to antibacterial action of honeys and a partial loss of Escherichia coli sensitivity. This loss of honey antibacterial activity coincided with Colour changes of nectar honeys during storage the changes in colour and formation of melanoids (Brudzynski and Kim, 2011) . Moreover, the correlation between the colour of different honeys and the antioxidant activities of the honeys were also found. This finding provides a good indicator for consumers looking for products with the highest antioxidant capacity (Zalibera et al., 2008) . The first aim of the present study was to characterise the colour of nectar honeys in their solid state. The second aim was to characterise the colour changes in time and during different storage conditions of honeys. Previous studies concerning colour of honeys refered mostly to the colour of honey after the honey was heated to 40 -50°C to dissolve the sugar crystals (Gonzales et al., 1999; Terrab et al., 2003a, b, c; Bertoncelj et al., 2007; Ferreira et al., 2009; Gallez et al., 2012) . Some authors of these studies claimed that this process did not alter the honey colour but they did not quote any results to confirm their claims. Our preliminary results showed that heating honey up to 42°C to dissolve the sugar crystals (about 3 hours) may significantly change colour parameters of some types of honey. Other physicochemical parameters of honeys satisfied the quality criteria of honeys specified by the EC Directive 2001/110 (EU, 2001) . We particularly observed the changes in lightness and the contribution of yellow colour. Depending on honey type, the L* and b* values of liquid honey may be 1.5 -10 and 2 -6 units lower than that of solid honey, respectively. Therefore, the consistency and the shape and size of the crystals may influence the colour parameters of honey, especially during storage when crystallisation and decrystallisation of honey may occur (White, 1976; Negueruela and Perez-Arquillue, 2000) . The literature data on the influence of long-term storage at different conditions, on colour of nectar honeys, are limited and sometimes contradictory. The results of the previous study by Piotraszewska-Pająk (2012) revealed that long-term storage of rape and heather honeys at room temperature significantly influenced the colour parameters of honeys. Moreover, it was observed that there was an essential difference in direction and intensity of colour changes depending on an access to light during storage. The present study was extended to include storage of rape and heather honeys in the cold. Other nectar honeys (acacia, linden, multifloral, and buckwheat) were included and stored both in the cold and at room temperatures. To the best of our knowledge, there are no studies comparing the colour changes of honeys stored in the cold and at room temperature with and without access to light.
MATERIAL AND METHODS

Material
Eighteen samples of non-standardised honeys of six botanical origin: four light types -rape (Brassica napus), acacia (Robinia pseudoacacia), linden (Tilia spp.), multifloral (nectar honey from different plants), and two dark types -heather (Calluna vulgaris) and buckwheat (Fagopyrum esculentum Möench), were investigated. All honeys were bought directly from official institutions or professional Polish beekeepers with a guaranteed type, origin, and known history. It means that the type and origin of honey was confirmed by the sensory and physicochemical analyses according to the EC Directive 2001/110 (EU, 2001) and Polish Norm PN-88/A-77626 (1988) . The samples originated from 15 different producers located in different regions of Poland. Honeys were extracted by centrifugation and all were crude (i.e., without any heating treatments). Each type of honey was divided into four groups: fresh honeys, stored in the cold (approximately 4 -6°C), stored at room temperature (approximately 22 -24°C) with access to light, and stored at room temperature in the dark. The colour of all fresh and stored honeys was measured after 3 and 9 months. The results obtained for fresh rape and heather honeys as well as for rape and heather honeys stored at room temperature have been already published (Piotraszewska-Pająk, 2012) . Before analysis, all honeys stored in the cold had been kept at room temperature to equalise the temperature of all honey samples.
Methods
The colour of honeys was determined in the the CIE 1976 L*a*b* and L*C*h o systems. The L* describes the lightness, a* indicates the intensity of red colour in the positive range and the green one in the negative range, b* value indicates the intensity of yellow colour in the positive range and the blue one in the negative range. Moreover, metric chroma (C*), hue angle (h o ) as well as the lightness difference (∆L*), chroma difference (∆C*), metric hue difference (∆H*), and total colour difference (∆E* ab ) between the values corresponding to the stored (s) and fresh (f) samples were calculated using the following equations: 
Statistical analysis
Data are presented as the average ± SD of three honeys of the same type originated from three different producers. One-way analysis of variance (ANOVA) was performed to determine the significance of differences between the colour parameters of the fresh honeys. The significance of differences between the colour parameters of the fresh honeys was evaluated using the Tukey's test. Three-way analysis of variance was performed to evaluate the effects of honey type, time, and temperature of storage, on colour parameters of the honeys. The significance of differences between the fresh and stored honeys was evaluated by the Dunnett's test using fresh honey samples as the control. Pearson's correlation coefficients were also calculated to determine the possible association between L*, C*, and h o values of fresh honeys and L*, C*, and h o values of stored honeys. Statistical analyses were performed using Statistica version 9.0 at 5% level of significance.
RESULTS
Colour parameters of the fresh nectar honeys from our present study are presented in Table 1 . The average results obtained in the previous study by Piotraszewska-Pająk (2012) for fresh rape and heather honeys stored at room temperature were also included, to be able to compare the effect of time and access to light on the colour of different nectar honeys. Statistical analysis revealed that the fresh nectar honeys tested were not significantly different in L*, b* and C* values but light nectar honeys (rape, acacia, linden, and multifloral) differed from dark nectar honeys (heather and buckwheat) in their contribution of green/red colour (a*) and hue angle (h o ). It was also observed that fresh acacia, multifloral, and heather honeys, originating from different regions of Poland, were significantly different in lightness (standard deviation of the average L* values was relatively high; Tab. 1). This finding was related to the differences in consistency which have a crucial influence on honey lightness. During storage, the honey crystallised and the lightness became less diversified. Colour changes of nectar honeys during storage Colour changes of nectar honeys during storage Fig. 2 . Total colour differences (∆E* ab ), differences of lightness (∆L*), chroma (∆C*), and metric hue (∆H*) of stored honeys.
All honeys used in the study were stored for 3 and 9 months in the cold, and at room temperature, with and without access to light. The colour parameters of rape and heather honeys stored at room temperature (Piotraszewska-Pająk, 2012) were also included in Table 2 . The inclusion was done to have a general view of the changes in the colour of different nectar honeys during storage at room temperature. In Table 2 , the average L*, a*, b*, C*, and h o values of fresh nectar honeys and stored for 3 and 9 months in different conditions are presented. Three-way analysis of variance revealed that type of honey, time, and temperature of storage had a significant influence on the colour parameters of stored honey (Tab. 3). In Figure 1 , the a*, and b* values of the fresh and stored honeys are presented to show the direction and intensity of chromaticity changes during storage. The differences in the colour parameters (∆L*, ∆H*, ∆C*) as well as total colour (∆E* ab ) differences for honey during storage were calculated to show the changes in all colour parameters (Fig. 2) . Moreover, correlation coefficients for linear regression between L*, C*, and h o values of fresh and stored honeys were calculated to find out whether the final colour parameters of the honeys were related to the initial ones (Tab. 4).
DISCUSSION Colour parameters of fresh honeys
The obtained results revealed that light nectar honeys (rape, acacia, linden, and multifloral) differed from dark nectar honeys (heather and buckwheat) in their contribution of green/red colour (a*) and hue angle (h o ).
The a* parameter for the fresh honeys had both negative and positive values (Tab. 1). Light nectar honeys (rape, acacia, linden, and multifloral) had a similar contribution of green colour (negative a* value indicating a contribution of green colour pigments such as, e.g. chlorophylls); average a* values ranged from −3.56 to −2.08. The wide range of a* values for acacia and multifloral honeys indicated considerable differences between the samples of the same type of honey but a contribution of red colour was not observed (Tab. 1). In the dark nectar honeys (heather and buckwheat), the contribution of red colour (positive a* value), characteristic for anthocyanins and other flavonoids present in plant nectars, was observed (Piotraszewska-Pająk and Ciszak, 2001; Alvarez-Suarez et al., 2010) . For all types of honeys, the b* parameter had positive values indicating the domination of yellow pigments e.g. carotenoids present in plant nectars. It was reported that dark honeys are especially rich in carotenoids (Alvarez-Suarez et al., 2010) . Similar observations were done by Bertoncelj et al. (2007) for Slovenian honeys. Although, the light nectar honeys differed from the dark nectar honeys in a* values, the contribution of a* to C* values was small. Therefore, no statistically significant differences in C* values between the light and dark honeys were observed.
For light nectar honeys, hue angle h o was located in the second quarter of colour space (h o higher than 90°), whereas for dark nectar honeys -in the first one (h o lower than 90°). For the acacia and linden honeys in the present study, L* and a* values were generally similar to those reported by Bertoncelj et al. (2011) , but b* was much lower. They showed that the b* value of Bertoncelj et al. (2011) .
Changes of lightness (L*) of honey during storage It was found, that the lightness of multifloral and buckwheat honeys did not significantly change during the whole period of storage in all of the applied conditions used in the study (Tab. 2).
The average lightness of all the tested honeys stored in the cold for 3 months, was not significantly changed. The lightness of rape, acacia, linden, and heather honeys increased significantly during 9 months of storage. It is known that low temperatures encourage crystallisation of honey and this process leads to the increased lightness of this product.
The L* values of the tested honeys, with the exception of multifloral and buckwheat honeys, stored at room temperature in the light for 3 months, significantly increased in comparison with fresh honeys. However, between the third and the ninth month of storage, the lightness of the heather honey no longer changed, and for rape, acacia, and linden honeys, L* decreased to the values similar to the fresh honeys. The storage of the honeys at room temperature in the dark for 3 and 9 months did not significantly influence their lightness, with the exception of the acacia and linden honeys for which the L* values significantly increased during 9 months of storage (Tab. 2). It was also observed that access to light during the storage of the honeys at room temperature for 3 months, had a higher effect on the changes in lightness than changes observed during storage of honeys in the dark. Moreover, there were differences in the direction of lightness changes between the third and the ninth month of storage. Generally, the L* of honeys stored in the dark increased, whereas the L* of honeys stored with access to light -decreased. The effect of exposure to light on honey crystallisation at room temperature was studied by Tchoumboue et al. (2007) . They observed complete crystallisation of honeys stored in the darkness at 21 -22°C for 60 days, whereas for honeys stored under constant light, complete crystallisation did not occur. The effect of light was not clear but they suggested that dark conditions during storage affect physical and chemical factors stimulating granulation or enzymatic formation of monohydrate glucose crystal seeds for crystal growth. In the present study, the increase of lightness between the third and the ninth month of storage was observed for honeys stored in the dark, whereas the L* of honeys stored with access to light -decreased (Tab. 2). Our observations seem to be consistant with the observations of Tchoumboue et al. (2007) related to the crystallisation of honeys. This effect may also explain more visible brightening of all honeys, especially heather honeys, stored for 9 months in the cold, at room temperature with access to daylight, than for the honeys stored at room temperature in the darkness (Fig. 2) .
The changes of chromaticity coordinates (a* and b*), chroma (C*), and hue (h o ) of honeys during storage The a*, b*, and C* values (Fig. 1A, Tab. 2) of all tested honeys stored in all the study's conditions, for 3 months, were not significantly changed. Similar results were obtained for h o values with the exception of linden honeys stored at room temperature in the dark, for which hue angle slightly decreased in comparison with the fresh honeys (Tab. 2). A significant decrease of hue was observed for rape, acacia, linden, and heather honeys stored in all conditions for 9 months. For multifloral and buckwheat honeys this effect was only observed upon storage at room temperature in the dark. It was also found that, in these conditions, the decrease in h o values of all honeys was the highest. For all honeys stored in all of the applied conditions for 9 months, a* parameter was shifted to the higher values (to the redness) (Fig. 1B) . However, a statistically significant increase was observed for rape, linden, heather, and buckwheat honeys stored in all applied conditions, whereas for acacia and multifloral honeys, this effect was observed only during storage at room temperature in the dark (Tab. 2). It is worth noticing, that the influence of storage at room temperature in the dark on a* changes, was the most evident (Fig. 1B) . Values of b* (contribution of yellow colour) were not significantly changed for multifloral, heather, and buckwheat honeys stored for 3 and 9 months in all of the conditions. The most susceptible for b* changes under long-term storage were acacia honeys that were stored in all of the applied conditions. Their average b* value increased about 4 -15 units depending on the storage conditions. The contribution of yellow colour was also increased for rape honeys stored at room temperature in the dark and for linden honeys stored in the cold and at room temperature in the dark (Fig. 1B, Tab. 2). The changes in C* are the consequences of the changes in b* values. Thus, the direction of C* changes was similar to that observed for the b* values. The changes in b* values for acacia honeys stored for 9 months in all the conditions used in the study, and for rape and linden honeys stored in the dark (cold storage and room temperature) resulted in a significantly higher saturation of colour when compared to the fresh honeys (∆C* positive) (Fig. 2) . Moreover, as for b* values, it was observed that chroma changes of honeys stored in the cold and at room temperature in the dark were higher than those observed for honeys stored with access to light (Fig. 2) . It is difficult to explain why elimination of light when stored at room temperature had a higher effect on a*, b*, or C* changes than access to light. We cannot exclude the possibility that access to light may delay the formation of melanoides and reduce the changes in nectar honey colour, but such an explanation requires further studies.
The changes of total honey colour (ΔE* ab ) during storage Taking total colour difference (∆E* ab ) into account it was observed that low temperature and elimination of light may delay colour changes of some honey types stored for up to 3 months (Fig. 2) . Acacia and heather honeys seem to be the most susceptible to colour changes in all of the applied conditions. For these types of honeys, total colour changes during a 9-month storage period were related to either the changes of lightness or chroma and hue. The lowest changes in total colour were observed for rape and buckwheat honeys in all of the study's applied conditions (Fig. 2) . The results obtained for honeys stored at room temperature with access to light are generally in agreement with literature data (White, 1978) . Brudzynski and Kim (2011) reported a significant increase in honey colour, measured as net absorbance (A 560 -A 720 ) after a two-year storage at room temperature, in the dark. In contrast to our results, they observed relatively smaller differences in colour change in light honeys as compared to darker honeys. The results concerning the cold storage of honeys are inconsistent. According to Jimenez et al. (1994) , honeys stored in the cold, darkened. On the other hand, White (1976) reported that low-storage temperatures resulted in lightening of honeys due to the faster crystallisation of sugars. Taking lightness into account, the results of the present study, generally confirm the observations of White (1976) .
Correlation between colour parameters of fresh and stored honeys The correlation coefficients for linear regression between L*, C*, and h o values of fresh and stored honeys are shown in Table 4 . Relatively high correlation coefficients found for L* fresh /L* stored and C* fresh /C* stored values of samples stored for 3 months in all of the storage conditions, indicate that final lightness and chroma of these honeys is strongly related to the appropriate initial parameters of honeys. After 3 months of storage, other factors than initial lightness and chroma are related to colour parameters of stored honeys (Gonzales et al., 1999) . High correlation coefficients for hue angle of honeys stored for 3 and 9 months indicate consistant changes of honey hue when honey was stored. It is difficult to explain which factors have a crucial influence on honey colour-changes. The changes in the colour of honey when honey is in its solid state may be related to the changes of pigments. A degradation of pigment may lead to a lower saturation of colour. On the other hand, pigments may react with e.g. metal ions which may result in the increase of chromaticity. Moreover, formation of Millard reaction products, especially melanoids, cristallisation and decrystallisation processes of carbohydrates as well as size and shape of crystals may change the perception of honey colour. From the quality point of view, the colour changes of honeys are important. An unnatural colour of honey may indicate inappropriate technological processes or long-term storage. These factors contribute to the undesirable changes of physicochemical and functional properties of honeys, e.g. formation of HMF and other Millard reaction products (melanoides), enzyme innactivation and attenuation or decline of antimicrobial activity. Therefore, the colour change may be an indicator of lower honey quality. On the other hand, some Millard reaction products contribute to the antioxidant activity of honeys which may be regarded, to some extent, as beneficial (Antony et al., 2002; Brudzynski and Miotto, 2011) .
Colour changes of nectar honeys during storage CONCLUSIONS Altogether, the results obtained indicate that both the honey type and the storage conditions influence the colour of these product. It is difficult to indicate which storage conditions are optimal to keep the initial colour of the honey because susceptibility of honeys to colour changes was different depending on the type of honey and the storage conditions. However, low temperature (no light), and elimination of light at room temperature, and storage for up to 3 months may delay L* changes of honeys, especially light honeys. On the other hand, it was also observed that elimination of light when stored at room temperature had a higher effect on a*, b*, C*, and h o changes than access to light. It cannot be excluded that access to light may delay the formation of e.g. melanoides and lower changes in chromaticity and the hue of honeys but this explanation requires further studies. Moreover, there was an essential difference in the direction of colour changes depending on the access to light while the honey was being stored at room temperature. Based on the results obtained, it was concluded that acacia and heather honeys are the most susceptible to colour changes in all of the study's applied storage conditions, whereas rape and buckwheat honeys are, generally, the most stable in colour. It is known that the chemical changes in food, including honey, are slowed down in the cold and such conditions are usually recommended for food storage. Crystallisation of honey, which is faster in the cold than at room temperature, is the only physical process that particularly affects the lightness of honey. Cold and dark conditions do not significantly affect the chemical composition and biological properties of food, thus cold storage should be recommended for all types of honey.
